The cytokine interleukin 1 (IL-1) inhibits contractile responses in rat aorta by causing endothelium-independent and prolonged activation of soluble guanylate cyclase. The present study tested whether IL-1 activates guanylate cyclase by inducing prolonged production of nitric oxide in cultured rat aortic vascular smooth muscle cells (VSMC). IL-1 induced a marked time-dependent increase in cyclic guanosine monophosphate (cGMP) in VSMC which was significant at 6 h, and increased progressively for up to 36 h. This effect of IL-1 was abolished when protein synthesis was inhibited with cycloheximide or actinomycin D, suggesting that the effect of IL-1 involves new protein synthesis. IL-1-induced cGMP accumulation was inhibited by the soluble guanylate cyclase inhibitors, methylene blue, LY83583, and hemoglobin and by the L-arginine analogue NGmonomethyl-L-arginine (L-NMMA). The inhibitory effect of L-NMMA was reversed by a 10-fold excess of L-arginine, but not by D-arginine. Nitrite, an oxidation product of nitric oxide, accumulated in the media of VSMC incubated with IL-1 for 24 h in the presence of L-arginine, whereas both IL-1-induced cGMP accumulation and nitrite production were attenuated in VSMC incubated in Larginine-deficient medium. In L-arginine-depleted VSMC, IL-1-induced cGMP accumulation was restored to control levels by a 15-min incubation with L-arginine. These results demonstrate that IL-1 activates guanylate cyclase in rat VSMC by inducing production of nitric oxide via a pathway dependent on extracellular L-arginine.
Introduction
Vasodilatation is a major feature of infection and inflammation, both systemically during sepsis, and locally in response to local infection and inflammation. The monocyte-and macrophage-derived cytokine interleukin 1 (IL-1), believed to be a major inflammatory mediator, has vasodilatory effects which Portions ofthis study were presented at the 74th Annual Meeting ofthe Federation of American Societies for Experimental Biology (FASEB) and have been published in abstract form (1990 . FASEB J. 4:A685).
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Receivedfor publication 12 April 1990 and in revisedform 19 Sep- tember 1990. may contribute to inflammatory and septic vasodilatation. In contrast to many vasodilators that act rapidly and via the endothelium, IL-I inhibits contraction ofrat aortic rings by an endothelium-independent mechanism which involves a lag period ofseveral hours (1, 2) and is dependent on protein synthesis (1) . However, the vasodilatory effect of IL-1 is similar to the action of endothelium-dependent vasodilators in that it is mediated by activation of soluble guanylate cyclase and production of cyclic guanosine 3',5'-monophosphate (cGMP [2] ). Endothelium-dependent vasodilators activate soluble guanylate cyclase by causing the release of an endotheliumderived relaxing factor (EDRF [3] ), which has recently been identified as nitric oxide (4, 5) . Endothelial cells that have been activated by endothelium-dependent vasodilators produce nitric oxide by enzymatic oxidation of the guanidino nitrogen of L-arginine (5) (6) (7) (8) . Since activation by cytokines has recently been shown to stimulate a similar pathway of nitric oxide production in macrophages (9-1 1), we hypothesized that the IL-1-induced increase in cGMP in rat aortic rings may be mediated by activation of nitric oxide production from L-arginine in vascular smooth muscle cells (VSMC [2] ).'
In the present study we report that IL-1 induces a similar delayed increase in cGMP in VSMC cultured from rat aorta. IL-1-induced cGMP accumulation is associated with production of nitrite, an oxidation product of nitric oxide, and both cGMP and nitrite production are dependent on an extracellular source of L-arginine. These results indicate that IL-1 activates soluble guanylate cyclase by inducing nitric oxide production in VSMC.
Methods
Culture of VSMC. VSMC were isolated from rat aorta by enzymatic dissociation using standard methods (12, 13) . Briefly, aorta were removed aseptically and placed in Hanks' balanced salt solution (HBSS), and the endothelium and adventitia were removed. Each aorta was cut into rings and incubated for 90 min at 370C in HBSS containing 0.2 mM CaCI2, 15 mM Hepes, 1 mg/ml collagenase (type II, Worthington Biochemical Corp., Freehold, NJ), 0.125 mg/ml elastase (type III, Sigma Chemical Co., St. Louis, MO), 0.375 mg/ml soybean trypsin inhibitor (Gibco Laboratories, Grand Island, NY) and 2 mg/ml bovine serum albumin (Sigma Chemical Co.). The digested tissue was titurated 10 times through a 16-gauge needle and sieved through a 180-,m mesh, and the resulting cell suspension was centrifuged at 200 g for 5 min. The cells were resuspended in Dulbecco's modified Eagle's medium (DME) containing 20% fetal calf serum and antibiotics, and seeded into 25-cm2 flasks (-2 x 105 cells per flask). Cells were passaged once a week by harvesting with trypsin-EDTA and seeding at a 1:5 ratio into 24-well plates. For experiments, cells were grown in DME supplemented with 10% fetal calf serum, glutamine, and antibiotics and were used between passages 5 and 18 after reaching confluence at [4] [5] [6] [7] d. The cells were positively identified as smooth muscle by indirect immunofluorescent staining for a-actin, using mouse anti-a-actin antibody and anti-mouse IgG FITC conjugate (Sigma Chemical Co.). To test for the presence of endothelial cells or macrophages, VSMC cultures were screened for uptake of acetylated low-density lipoprotein (LDL), a modified form of LDL which is internalized by a scavenger pathway in both macrophages (14) and endothelial cells (15) . VSMC were incubated with 10 sg/ml acetylated LDL labeled with l,l'-dioctadecyl-3,3,3',3'-tetramethyl-indo-carbocyanine perchlorate (Dil-Ac-LDL; Biomedical Technologies, Inc., Stoughton, MA) for 4 h at 370C, and cultures were examined by fluorescence microscopy. VSMC showed no uptake of DiI-Ac-LDL, whereas bovine aortic endothelial cells, studied as a positive control, showed prominent uptake of the label.
Cyclic GMP accumulation in IL-I-treated VSMC. Cell monolayers were washed with HBSS and the medium replaced with 0.5 ml of DME containing 5% FCS and antibiotics (DME-5), and either (a) no additions, (b) human recombinant IL-IjB (20 ng/ml), (c) a phosphodiesterase inhibitor, isobutylmethylxanthine (IBMX; 0.1 mM), or (d) IL-l and IBMX. After 24 h, cell extracts were obtained forcGMP determination.
To determine the time course of IL-1 action, VSMC were incubated in DME-5 containing IL-1 (20 ng/ml) and cGMP determined at 0, 3, 6, 12, 18, 24, 36 , and 48 h, with IBMX (0.1 mM) added to the well 30 min before obtaining cell extracts.
To determine the effect of protein synthesis inhibition on IL-l-induced cGMP accumulation, VSMC were incubated for 24 h in DME-5 with or without IL-l (20 ng/ml), and in the presence of absence of a protein synthesis inhibitor, cycloheximide (20 ,g/ml) or actinomycin D (2 jig/ml). IBMX (0.1 mM) was added 30 min before obtaining cell extracts, and sodium nitroprusside (SNP; l0-4 M) was added to some of the control wells in each group 5 min before extraction of cells for cGMP determination.
Effect of soluble guanylate cyclase inhibitors on IL-I-induced cGMP accumulation. VSMC were incubated for 24 h in DME-5 with or without IL-l (20 ng/ml). 20 min before the end of the incubation period, IBMX (0.1 mM) and one of the following was added to each well: Effect ofIL-I on nitrite releasefrom VSMC. The effect of IL-I on nitrite release from VSMC was determined in cells cultured in the presence or absence ofL-arginine. VSMC were incubated for 24 h with or without IL-I (20 ng/ml). The media for these experiments was complete minimum essential medium (MEM with L-arg [600 MM]; SelectAmine kit, Gibco Laboratories), or MEM without L-arginine. The MEM was supplemented with antibiotics and 5% dialyzed FCS which was dialyzed for 24 h against phosphate-buffered saline using 12,000-mol wt cutoff tubing in order to deplete L-arginine and other amino acids that are present in serum. IBMX (0.1 mM) was added 30 min before obtaining cell extracts for cGMP determination and cell supernatants for nitrite analysis. L-arginine (600 ,M) was replenished in the supernatant of some of the VSMC incubated with IL-I in the absence of L-arginine, 15 min before cGMP determinations.
Effect of4-h L-arginine depletion on IL-i-induced cGMP accumulation. VSMC were incubated for 20 h in DME-5 with or without IL-I as described above. The cells were then washed and the DME-5 replaced with MEM with or without L-arginine, which also contained IBMX (0.1 mM) with or without IL-I (20 ng/ml). Cyclic GMP content was determined after an additional 4-h incubation, with some of the control cells treated with SNP 5 min before obtaining cell extracts for cGMP determination.
Cyclic GMP measurements. Cyclic GMP was extracted from the cells by rapid aspiration of the medium and addition of 1.0 ml 0.1 N HCI to each well. Cells were incubated with the HCI for 30 min at 370C and the extract was frozen at -20'C before assay for cGMP. Protein was extracted from the cells by addition of 0.2 ml I N NaOH to each well followed by a 30-min incubation at 370C.
The cGMP content of cell extracts was determined by radioimmunoassay after acetylation, using a rabbit antiserum and '25I-cGMP obtained from Biomedical Technologies, Inc. Cyclic GMP content was normalized to protein content of each well, which was determined by dye-binding assay (Bio-Rad Laboratories, Richmond, CA) with bovine serum albumin used as a standard.
Nitrite assay. Nitrite was measured by a standard method (16) . Aliquots ofcell supernatant were mixed with an equal volume ofGreiss reagent (prepared by adding I part 0.1% napthylethylenediamine dihydrochloride to I part I% sulfanilamide in 5% phosphoric acid) and incubated at room temperature for 10 min. The absorbance at 550 nm was measured, and nitrite concentration was determined using sodium nitrite as a standard and distilled water as a blank. The background nitrite values of each media were determined and subtracted from experimental values.
Drugs. Human recombinant IL-l-,8 was a gift of Dr. Charles Dinarello, Tufts University, Boston, MA. LY83583 (6-anilino-5,8-quinoline dione) was a gift of Eli Lilly & Co., Indianapolis, IN. Human hemoglobin was a gift of Dr. R. M. Condi, University of Minnesota, Minneapolis, and was prepared and assayed as previously described (17) . This preparation contained 99.4% oxyhemoglobin and 0.6% methemoglobin. L-NMMA p-hydroxyazobenzene-p'-sulfonate salt was obtained from Calbiochem-Behring Corp., San Diego, CA. Phenylephrine, methylene blue and SNP were obtained from Sigma Chemical Co.
Data analysis. Significant differences were determined by paired t test, and P < 0.05 was considered statistically significant.
Results
IL-I increases cGMP in rat VSMC. The cGMP content of VSMC incubated with IL-1 (20 ng/ml) for 24 h in the absence of the phosphodiesterase inhibitor IBMX, was two times the content of control cells ( Fig. 1 ; P < 0.05). In the presence of IBMX, exposure to IL-1 for 24 h caused cGMP to increase to nine times control cGMP content (P < 0.02). In subsequent studies, VSMC cGMP levels were determined in the presence of IBMX, in order to optimize conditions for studying changes in IL-1 responses.
Time course studies indicated that the action ofIL-1 is time dependent (Fig. 2) , occurring after a delay period of several hours. Cyclic GMP was significantly increased after 6 h of exposure to IL-1 (P < 0.002) and continued to increase, reaching maximal levels at 36 h of exposure. Cyclic GMP had begun to decrease towards control after 48 h of incubation.
Treatment of VSMC with the protein synthesis inhibitors, cycloheximide or actinomycin D, blocked IL-1-induced cGMP accumulation (Fig. 3) . In contrast, neither cycloheximide nor actinomycin D inhibited the increase in cGMP caused by sodium nitroprusside (data not shown).
Soluble guanylate cyclase inhibitors reverse IL-I-induced cGMP accumulation. The guanylate cyclase inhibitors methylene blue, LY83583, and hemoglobin each attenuated IL-l-in- with L-or D-arginine affected the cGMP content of VSMC treated with sodium nitroprusside. IL-i -treated VSMC release nitrite in L-arginine-replete medium. IL-1 stimulated nitrite accumulation in the media of VSMC cultured for 24 h in complete MEM containing L-arginine ( Fig. 6 ; P < 0.001). The nitrite concentrations of control and IL-1-treated VSMC supernatants were 0.9±0.1 and 31.5±6.8 ,uM, respectively. In contrast, both extracellular nitrite accumulation and intracellular cGMP accumulation were significantly attenuated in IL-1-treated VSMC which were incubated in the absence of L-arginine (P < 0.001). L-Arginine depletion did not attenuate SNP-induced increases in cGMP (Fig. 6) . In VSMC incubated with IL-l for 24 h in the absence of L-arginine, repletion of L-arginine (600 MM) 15 min before cGMP determinations restored cGMP accumulation to control levels (Fig. 7) .
Short-term L-arginine depletion attenuates IL-I-induced cGMP accumulation. Incubation in L-arginine-free MEM for the final 4 h of a 24-h incubation with IL-I significantly attenuated, but did not completely reverse, the effect of IL-1 on cGMP (Fig. 8) . Cyclic GMP was increased 17-fold in IL-itreated VSMC which were incubated in MEM with L-arginine (P < 0.0025). Cyclic GMP was increased sixfold in IL-itreated VSMC which were incubated in MEM without L-arginine (P < 0.01), which was significantly less than in the presence of L-arginine (P < 0.0025). Incubation in MEM without L-arginine for 4 h did not affect the increase in cGMP caused by SNP. These studies demonstrate that IL-I markedly increases intracellular cGMP in rat aortic VSMC, by a mechanism which is protein synthesis-dependent and involves induction of nitric oxide production. lene blue (20) , and hemoglobin (20) , indicate that IL-I activates soluble guanylate cyclase via a similar mechanism. Methylene blue is thought to inhibit guanylate cyclase directly by oxidation ofthe hemoprotein moiety which is required for activation (20) . Both methylene blue (21) and LY83583 (22) may cause the production of superoxide anions (21) which inactivate endothelium-derived nitric oxide (23) . Hemoglobin binds nitric oxide with high affinity (24) , and thereby inhibits relaxation and guanylate cyclase activation caused by both endothelium-derived relaxing factor (20) and nitric oxide (5). IL-1-induced activation of cGMP production was reversed by LY83583, methylene blue, and hemoglobin, suggesting that IL-I activates soluble guanylate cyclase by causing production of nitric oxide. Recent evidence indicates that nitric oxide is produced enzymatically from the guanidino nitrogen of L-arginine (5-7). L-NMMA, an L-arginine analogue with a methylated guanidino nitrogen (I 1), blocks endothelial-dependent vasodilatation (7) and production of nitric oxide in endothelial cells (6) , presumably by competing with L-arginine for binding to the enzyme, nitric oxide synthase. L-NMMA attenuated IL-1-induced increases in cGMP in rat VSMC, suggesting that IL-I induces a similar enzymatic pathway ofnitric oxide production from L-arginine within VSMC. The effect of L-NMMA was specific in that it was reversed by a 10-fold excess of L-arginine but not by D-arginine, and L-NMMA did not attenuate SNPstimulated cGMP, indicating that L-NMMA does not directly inhibit soluble guanylate cyclase or have nonspecific deleterious effects on the cells.
To assess whether VSMC produce nitric oxide, we determined whether IL-1 -treated VSMC release nitrite, a stable oxidation product ofnitric oxide. Cytokines induce prolonged production of nitric oxide in macrophages (1 1), and the nitric oxide is converted to nitrite which accumulates extracellularly (9, 25) . In the present study, IL-1 induced nitrite accumulation in the media of VSMC incubated in L-arginine-replete tissue cul- Experiments with short-term depletion of L-arginine suggest that IL-1-induced cGMP accumulation is largely dependent on an extracellular source ofL-arginine. The increment in cGMP caused by IL-1 was attenuated by 80% when IL-1-treated cells were incubated for 4 h in the absence ofL-arginine. The magnitude by which L-arginine depletion attenuates IL-1-induced cGMP accumulation suggests that L-arginine availability may be more rate-limiting in cytokine-activated VSMC than in endothelial cells activated with endothelium-dependent vasodilators. Intact blood vessels respond to endotheliumdependent vasodilators even when studied in vitro for many hours in the absence of L-arginine, and L-arginine augments endothelium-dependent relaxation only when endothelial stores ofL-arginine are depleted by prolonged or repeated treatment with endothelium-dependent vasodilators (26). Similarly, in cultured endothelial cells, L-arginine enhances brady- kinin-induced nitric oxide release twofold, but only after 24 h of L-arginine depletion (6, 8) . These differences may be due to the high turnover of L-arginine in cytokine-activated VSMC where activation is maintained for many hours. In this regard, the fungistatic and cytotoxic actions ofmacrophages, which are mediated by prolonged production of nitric oxide, have also been shown to be highly dependent on extracellular L-arginine (27) .
These studies suggest that IL-1 acts in a fashion similar to endothelium-dependent vasodilators, by activating nitric oxide synthase. However, there are several distinctions between the action ofendothelium-dependent vasodilators and that ofIL-1. IL-1 acts on an enzyme in vascular smooth muscle, and the effect is delayed and prolonged, whereas endothelium-dependent vasodilators induce a prompt and transient activation of nitric oxide synthase within the endothelium (6, 8) . Nitric oxide synthase has been proposed to constitute a family of enzymes, consisting of at least two distinct types (28) , which are present in many different cell types including endothelial cells (5) (6) (7) (8) , macrophages (9-1 1), adrenal cortex (29), brain (30) , and neutrophils (31) . Type II, originally described in endothelial cells, is a calcium and calmodulin-dependent enzyme, which is rapidly activated by ligand-receptor events at the cell surface (28) . In contrast, type I, originally described in macrophages is calmodulin-independent, requires tetrahydrobiopterin as a cofactor, is slowly induced by cytokines and by endotoxin, and remains activated for many hours (9, 11, 25, 28) . IL-1 appears to activate type I or macrophage-type nitric oxide synthase in VSMC, since it is induced by a cytokine and by endotoxin (2) , and the induction occurs over many hours. Furthermore, whereas endothelium-dependent vasodilators increase nitric oxide production by increasing cytosolic calcium (4), both IL-1-induced inhibition of contraction in aortic rings (1) contraction. In studies of endothelium-dependent vasodilators, extracellular hemoglobin probably blocks relaxation by binding nitric oxide which is released from the endothelium, thereby preventing it from reaching the smooth muscle. In the present study, it is likely that hemoglobin acts as an extracellular sink for nitric oxide, thereby lowering intracellular levels of nitric oxide by enhancing diffusion out of the cell.
We have recently shown that IL-1 induces a time-dependent inhibition of vascular contraction in intact rat aortic rings (1) . Like its effects in cultured VSMC, IL-1-induced inhibition of contraction in rat aorta was associated with increases in cGMP, reversed by soluble guanylate cyclase inhibitors (LY83583, hemoglobin, and methylene blue), and was endothelium independent (1, 2) . The present results demonstrate that IL-1 acts on isolated VSMC, and together with our previous findings, support the hypothesis that IL-I induces vasodilatation by L-arginine-dependent production of nitric oxide and activation of soluble guanylate cyclase in vascular smooth muscle cells.
Our studies suggest that nitric oxide production within blood vessels is not restricted to endothelial cells. The IL-1-induced increase in cGMP in VSMC is maintained for many hours, in contrast to the prompt and transient increases caused by endothelium-dependent vasodilators. IL-I -induced production of nitric oxide may contribute to vasodilatation at sites of local infection, to systemic hypotension during sepsis, or to long-term modulation of vascular tone. 
